Cauliflower mosaic virus (CaMV) nucleic acids accumulate in the cell in different structural conformations related to their roles in gene expression, replication and virion assembly. We have characterized changes in the population CaMV DNA and RNA replication products which occur following culture of infected turnip leaves under conditions where callus proliferates. After only 5 days in culture, a significant increase in the level of genome-length and subgenomic supercoiled (SC) DNA forms was observed by two-dimensional (2D) gel electrophoresis. Open circular (OC) molecules, corresponding to these SC DNAs, with mobilities consistent with the presence of a single break in each strand, were also detected after 5 days culture. By 10 days culture, the proportion of OC molecules with only one break per double-stranded molecule had increased. After 34 days culture, SC DNA with a range of sizes predominated in the unencapsidated DNA fraction. The change in pattern of OC and SC DNA forms during callus proliferation suggests a possible precursor/product relationship involving generation of deleted molecules from gapcontaining virion DNA-like molecules followed by sequential repair of the gaps to produce SC DNA. Moreover, heterogeneity in the mobility of OC DNAs in the neutral dimension of 2D electrophoresis, a feature exhibited by twisted CaMV virion DNA, changed during the time-course suggesting that untwisting occurs during gap repair. Although the relative abundance of SC DNA increased during callus proliferation, CaMV polyadenylated 35S and 19S transcripts declined together with immediate reverse transcription products. We suggest that cellular changes during callus growth lead to a decline in authentic CaMV transcripts in the cytoplasm resulting in cessation of synthesis of viral products and progeny DNA genomes. In consequence, pre-existing virion DNAs return to the nucleus, possibly as a result of a relaxation in a cytoplasmic control mechanism, where they are assembled into various forms of SC DNA. The presence of CaMV SC DNAs in replicating cells might also enhance illegitimate integration into host chromosomes, as hybridization ofCaMV DNA to high M r DNA was observed.
Introduction
Early in its replication cycle, cauliflower mosaic virus (CaMV) is presumed to generate supercoiled (SC) DNA from newly released virion DNA (see Hohn & Fuetterer, 1992) . The SC DNA is assembled into a minichromosome by associating with host proteins in the nucleus of infected plants (Olszewski et al., 1982) . Viral RNAs produced by transcription of the minichromosome migrate into the cytoplasm where they are involved in translation, and in replication by reverse transcription (see Covey, 1985) . Amongst the end products of these processes are virus particles containing genomic DNA molecules with characteristic site-specific discontinuities, which also exhibit an unusual twisted topology (Hull & Howell, 1978) .
Progeny virions (or DNA contained within) appear to be targeted to several distinct destinations in the cell (see Covey, 1991) . These include the plasmodesmata for export of virus to adjacent cells (Linstead et al., 1988) and vascular tissue (Leisner et al., 1992) , inclusion bodies containing the viral gene VI protein which functions as a translational trans-activator (Fuetterer & Hohn, 1991) and might also regulate virion cycling in the cell (Turner & Covey, 1993) , and viral gene II inclusion bodies believed to be the source of infectious virus for acquisition and transmission by aphids (Espinoza et al., 1991) . A fourth possible destination of progeny virion DNA is the nucleus since we have previously reported a number of situations where the level of SC CaMV DNA increases in the cell (Covey & Turner, 1991) .
Increases in SC CaMV DNA are generally associated with a decline in transcriptional and reverse transcriptional activity. For instance, elevated levets of SC DNA detected in roots and stems , and in older tissues (Covey & Turner, 1991) of infected turnip plants are correlated with reduced amounts of RNA transcripts and immediate reverse transcription products. We have also reported an increase in SC DNA levels following CaMV infection of host crucifer species which 0001-1641 © 1993 SGM exhibit greater tolerance to infection than very susceptible species such as turnip . Susceptible tissues (e.g. leaves) of susceptible species have been shown to contain abundant transcripts and immediate reverse transcription products indicative of active replication, but low levels of presumably very active SC DNA in the nuclear minichromosome. We have also shown that it is possible to manipulate the level of CaMV SC DNA in infected plants by altering the developmental status of cells in vitro. Thus, infected turnip leaves, when induced to form callus in culture, accumulate SC DNA together with a population of subgenomic SC DNA forms (Rollo & Covey, 1985) .
We have suggested that the increase in SC DNA observed in these situations might be indicative of an end product regulatory mechanism which operates during virus replication by sequestering progeny virions preventing them from re-initiating the replication cycle in the same cell (Covey, 1991 ; Covey & Turner, 1991) . Also, a subset of progeny virion DNA molecules containing only one discontinuity in each strand might be preferentially recycled to the nucleus (Turner & Covey, 1993 ). An alternative mechanism of accumulation of nuclear SC DNA is by conventional DNA/DNA replication although there is no clear evidence to suggest that this is possible for CaMV DNA. In this paper, we provide evidence that virion DNA is the source of increased levels of SC DNA which accumulates in callus tissue. We also propose the possible sequence of events in the conversion of virion DNA to SC DNA.
Methods
Virus and plants. Turnip plants (Brassica rapa rapiJera, L. cv. Just Right) , at the two-leaf stage, were mechanically inoculated with CaMV isolate Cabb B-JI with sap or purified virus. Plants were grown in a glasshouse at approximately 20 °C in a 16 h photoperiod. Systemically infected leaves were sampled at 21 days post-inoculation (p.i.). Callus cultures were initiated from discs of systemically infected leaves taken at 21 days p.i. and propagated exactly as described by Rollo & Covey (1985) . CaMV virions were purified from systemically infected turnip leaves by the method of Hull et aL (1976) except that the final sucrose gradient purification step was omitted. Purified virions were treated with DNase I and disrupted by protease K treatment as described by Gardner & Shepherd (1980) . DNA and RNA. Total cellular nucleic acids, excluding encapsidated CaMV DNA (Hull & Covey, 1983) , were isolated from infected plants and from callus cultures by the phenol-chloroform method described previously (Covey & Turner, 1986) . DNA and low M r RNA were separated from cellular high M r RNA by solubilization in 3 M-sodium acetate, pH 6.0. DNA populations were analysed by two-dimensional (2D) neutral/alkaline agarose gel electrophoresis exactly as previously described (Covey & Turner, 1986; Turner & Covey, 1988) . After electrophoresis, gels were treated for 10min with 0.2M-HC1 to depurinate DNA to facilitate Southern blotting of 'snapback' DNAs (supercoiled and hairpin forms). Cellular total poly(A) + RNA was isolated from the 3 M-sodium acetate-insoluble RNA fraction using oligo(dT)-cellulose chromatography and fractionated by agarose gel etectrophoresis after glyoxal denaturation before Northern blotting as previously described . Southern and Northern blots were probed with CaMV DNA cloned into plasmid pAT153 labelled with 3~p by nick translation.
Results

Changes in CaMV DNA forms during callus proliferation
Separation of unencapsidated cellular DNA by 2D gel electrophoresis characteristically reveals a complex population of viral DNA forms generated at different stages of the CaMV multiplication cycle. Open circular (OC) DNAs migrate slowly and somewhat heterogeneously in the first (neutral) dimension (Fig. la, labelled OC) . In the second (denaturing) dimension of 2D gel electrophoresis, these OC molecules are resolved into singlestranded sub-components resulting from the presence of the site-specific discontinuities. The major OC form following denaturation has a mobility of 8 kb consistent with a double-stranded circular DNA with a single discontinuity in each strand (Turner & Covey, 1993) . Molecules in the major linear fraction ( Fig. 1 a, labelled L) comprise genome-length DNAs with discontinuities which have not completed circularization at one of the three discontinuities in virion DNA (Turner & Covey, 1988; Turner & Covey, 1993) . Linear molecules which are partially double-stranded with heterogeneous singlestranded extensions migrate in two chevrons ( Fig. 1 a, labelled CH 1 and CH2). In some molecules, the singlestranded extensions have looped back to form various hairpin DNAs (Covey & Turner, 1986; Turner & Covey, 1988 , 1993 migrating in lines with heterogeneous and discrete sub-components (Fig. la, labelled HP1 and HP2) . There are three populations of hairpin linear forms: those containing two gaps (migrating in the major linear fraction; see Fig. 1 a, labelled L), one gap (labelled HP2), or no gaps (labelled HP1). The diagonal labelled CH1 in Fig. 1 actually contains two populations of molecules: the lower thicker line comprising dsDNAs with heterogeneous single-stranded extensions, and an upper thinner line in which the single-stranded portions have been converted into hairpins (Turner & Covey, 1988) . We have correlated the presence of the various hairpin DNAs with the occurrence of cytoplasmic reverse transcription (Covey & Turner, 1986) . The nuclear transcriptional phase of the CaMV replication cycle is represented by the SC DNA, which, in infected leaves, is a relatively minor component ( Fig. 1 a, labelled SC) and sometimes resolves as two components in the denaturing dimension together with three or more minor subgenomic SC forms which are just resolved below the line of hairpin DNAs (HP1). Following electrophoresis, DNAs were blotted onto nitrocellulose and blots were hybridized with a CaMV-specific radioactive probe.
[For further explanation of the mobility of CaMV DNA forms during 2D gel electrophoresis, see Covey & Turner (1986 , 1991 , Turner & Covey (1988 , 1993 ).]
Since we have shown previously that callus derived from leaf tissue containing the D N A forms described above accumulates SC D N A (Rollo & Covey, 1985; Covey et al., 1990) , we were interested in following the time-course o f changes to the u n e n c a p s i d a t e d D N A forms during callus proliferation. Systemically infected turnip leaves were sampled at 21 days p.i. and sterilized leaf discs were prepared. L e a f discs were incubated on an agar m e d i u m under conditions p r o m o t i n g callus proliferation (Rollo & Covey, 1985) . After 5 days culture, the infected leaf discs h a d noticeably changed shape and become slightly swollen. Also, significant changes in the pattern of CaMV unencapsidated DNAs had occurred in the cells at this time (Fig. 1 b) . SC DNA had increased in relative amount and changed in composition in that the subgenomic SC forms (Fig. 1 b, labelled SC 1 to 4) had become more prominent. The pattern of SC forms was reflected in a similar pattern of OC molecules with corresponding subgenomic forms (Fig. 1 b, labelled OC 1 to 4). Since none of the OC forms denatured to produce major sub-components in the second dimension of gel electrophoresis, their mobilities were consistent with them having a single discontinuity in each strand. As in leaves, the OC forms after 5 days of callus culture showed heterogeneity in the neutral dimension. The linear DNAs with single-stranded extensions (labelled CH 1 and CH2) and hairpin extensions (HP2) migrating in chevrons were much reduced after only 5 days in culture (Fig. 1, compare a and b) .
After 10 days in culture, proliferating callus was present particularly around the edges of the discs. In the unencapsidated CaMV DNA fraction isolated from this tissue, the most significant change was observed in the OC molecules which had resolved into two distinct groups of molecular components in the denaturing dimension (Fig. l c) . These OC forms with genomelength and subgenomic forms comprised a lower group with mobilities (labelled OC 1) similar to those observed after 5 days in culture, together with an upper group (labelled OC c) which we interpret as closed circular ssDNA components. Thus, these OC structures have mobilities consistent with them being DNAs with one discontinuity per double-stranded molecule. It is noteworthy that the OC molecules after 10 days culture (Fig.  1 c) showed noticeably less heterogeneity in the neutral dimension of electrophoresis compared with OC DNAs in leaves and after 5 days in culture (Fig. 1 c compared  with a and b, respectively) . At this stage, most of the products generated directly by reverse transcription (e.g. components labelled CH1, CH2, HP1 and HP2 in Fig.  l a) were much reduced. An increased hybridization signal comigrating with high M r linear DNA was also observed after 10 days culture (Fig. 1 c, labelled X) .
After 34 days in culture, the tissue consisted almost exclusively of proliferating callus. By this time, the level of SC DNA had increased further in relative amount and contained heterogeneous subgenomic forms (Fig. 1 c) reported previously . The level of OC DNA was at a much lower proportion of the SC DNA than aRer 10 days in culture and was mostly of the genome-length type with one gap per molecule. Linear forms containing discontinuities, representative of immediate reverse transcription products, and thus falling below the main diagonal were virtually absent by 34 days in culture. The hybridization signal to high M r DNA was more intense after 34 days callus culture than after 10 
Twisted forms of CaMV DNA
A characteristic feature of OC DNA from leaves was its heterogeneous mobility in the neutral dimension of 2D electrophoresis (see Fig. 1 a, and in Turner & Covey, 1993) . We suspected this heterogeneity was due to the twisted conformation exhibited by CaMV virion DNA which produces multiple bands during one-dimensional neutral electrophoresis (Hull & Howell, 1978; Donson & Hull, 1983) . The mobility of CaMV virion DNA was tested by 2D electrophoresis to determine how the twisted forms behave (Fig. 2) . The sample of virion DNA shown in Fig. 2 was electrophoresed for an extended time in both dimensions to provide resolution sufficient to observe individual twisted components. In the neutral dimension, the slowest migrating OC form (Fig. 2 , labelled OC) is presumed to be untwisted. However with sequential twisting, the mobility increases such that some twisted molecules show an exceptionally high neutral mobility (labelled Tw in Fig. 2 ). The mobility of these twisted DNAs produces heterogeneity similar to that of unencapsidated OC DNAs from leaves (Fig. 1 a) and 5-day-old callus cultures (Fig. 1 b) . The resolution in the neutral dimension is also sufficient to reveal discrete twisted components (shown as vertical striations in Fig.  2 ). On denaturation, molecular forms which migrated heterogeneously in the neutral dimension were resolved either as discrete or as heterogeneous single-stranded components. The discrete molecules migrated with sizes of 8.0 and 5.4 kb (Fig. 2) . These were the major singlestranded components of CaMV virion DNA; the third single-stranded component of 2.6 kb was lost from the bottom of the gel due to extended electrophoresis. The heterogeneous forms resolved in the second dimension result from random single-stranded nicks in the DNA. The major diagonal line (labelled UD in Fig. 2 ) comprises presumably randomly fragmented linear dsDNAs. A further point of interest from this gel is the faint diagonal line emerging from the putative untwisted OC form (extending to the bottom right). This line contains components with mobilities consistent with them being heterogeneously sized OC molecules which are encapsidated into DNase-resistant particles and presumably could have resulted from expression of heterogeneously sized SC DNAs and resolved by reverse transcription of deleted RNA templates.
Changes in viral RNA during callus proliferation
Since RNA is involved in the processes of CaMV reverse transcription and in the functioning of SC DNA, we were interested to determine how the composition of viral transcripts altered during callus proliferation. Cellular poly(A) + RNA was isolated from CaMVinfected leaves and from callus tissue at various times after culture and virus-specific transcripts were analysed by Northern blot hybridization (Fig. 3) . Infected leaves contain two major viral polyadenylated transcripts: 35S RNA and 19S RNA, together with heterogeneous and minor discrete RNAs somewhat smaller than 35S RNA (Fig. 3 a, lane L) . After 5 days in callus culture a similar pattern was observed except that the relative abundance of 35S RNA was noticeably lower but the level of 19S RNA was unchanged (Fig. 3 a, compare lanes L and 5). Viral RNA after 10 days of callus culture (Fig. 3a , lane 10) was significantly reduced compared with the result after 5 days and no clear signal was observed in samples taken at 21 days (Fig. 3a, lane 21 ) and 34 days (Fig. 3a,  lane 34) culture. However, after extended exposure of the autoradiogram (Fig. 3b) , viral polyadenylated RNA extracted from the 21-day-old culture (Fig. 3b, lane 21) contained very little 35S RNA but a distinct band of 19S RNA together with a range of lesser components. What little RNA was left after 34 days culture (Fig. 3 b, lane 34) was largely heterogeneous in size.
Discussion
We have examined the changes that occur to various CaMV DNA forms and RNA during callus proliferation from CaMV-infected turnip leaves. We show that a decline in viral transcripts and immediate reverse transcription products is accompanied by a concomitant increase in the amount of SC DNA forms. These changes suggest that, as a result of callus proliferation, some, but not all, functions in the replication cycle rapidly become interrupted causing a build-up of SC DNA which appears not to be transcribed into RNA (see Fig. 3 ). The host presumably plays a role in this process which is probably related to cellular development or division. Since callus tissue is undergoing more cell division than the leaf tissue from which it was derived, this suggests that the primary influence on the changes to the virus replication cycle might be related to the status of the cells containing virus. Callus proliferation was accompanied by a decline in the level of viral polyadenylated transcripts, suggesting that changes in host transcription factors may have been responsible. However, it is not yet clear whether the changes in viral nucleic acids we have observed occur in a subset of cells in the callus culture which might or might not be undergoing division or dedifferentiation into callus. The observation of an increasing CaMVspecific hybridization signal to high M r DNA as callus proliferates (see Fig. 1 ) suggests the possible occurrence of illegitimate integration of CaMV DNA into host nuclear DNA. Similar integration, which plays no known role in the virus replication cycle, has been observed in hepatic tissue with vertebrate pararetroviruses of the hepatitis B group (see Sherker & Marion, 1991) which share similarities with CaMV. It is likely that this putative integration of CaMV DNA into host nuclear DNA occurs in dividing cells with a more active nucleus than in non-dividing leaf cells suggesting that the changes in CaMV DNA forms we observe take place in the callus cells themselves rather than a subset of non-callus cells. Although the CaMV promoters, particularly the 35S promoter, have often been described as constitutive, most experiments involving them have been in non-host transgenic plants as isolated elements removed from any possible distal viral modulating elements. It has been shown that the 35S promoter has root-and shootspecific elements (Benfey & Chua, 1990 ), but it is not known how these function in the CaMV replication cycle. We have previously shown that viral transcript accumulation in roots and shoots of turnip plants is lower than in leaves and that this is accompanied by an increase in the SC DNA level . We observed a similar accumulation of SC DNA in older turnip leaves (Covey & Turner, 1991) and in leaves of host species with a lower susceptibility to CaMV than turnip . One possible explanation for the decline in transcript level in these situations is that 3' end processing of transcripts alters in favour of termination after one circuit rather than after two of the circular transcription template, obviating accumulation of full-length 35S RNA (Sanfa~on & Wieczorek, 1992) . Whether the tissue-and species-specific effects on transcription occur at the point of initiation, termination or both, the end result is that mature transcripts fail to accumulate in the cytoplasm and it is likely that this eventually feeds back resulting in the accumulation of SC DNA. We have already postulated that accumulation of SC DNA results from the release of an end product control mechanism which normally sequesters nascent virions preventing them from recycling to the nucleus (Covey & Turner, 1991) and have also suggested that SC DNA synthesis may preferentially involve a subset of virion DNA forms with only two discontinuities (Turner & Covey, 1993) . Results presented here provide evidence that the source of SC DNA during callus proliferation might be virion-type molecules. Indeed we have previously shown that the level of encapsidated virion DNA declines during callus proliferation and at a much greater rate than unencapsidated DNA (Rollo & Covey, 1985) . Characterization of the changes to CaMV DNA forms during callus proliferation suggest that they are sequential events in the synthesis of SC DNA from OC precursors. Since CaMV virion DNA contains three discontinuities, the synthesis of SC DNA from this substrate presumably proceeds by the sequential repair of each gap structure assuming repair is not simultaneous. Also, based on a further assumption that repair is random with respect to choice of gap, then, after one gap has been repaired per molecule, on denaturation, these OC forms will yield proportionately four fulllength (8 kb) linear forms: one full-length closed circle, one linear denatured into two subgenomic linears (see Fig. 4 ). After repair of two gaps, the ratio changes to 2:1 full-length linears to closed circles. The first stage is observed after 5 days in culture (Fig. 1 b) to produce a predominance of 8 kb linears (and respective subgenomic forms) after denaturation during the second dimension of 2D gel electrophoresis. The proportion of OC molecules with only one gap increases by 10 days in culture (Fig. 1 e) when the second upper line of spots becomes visible. As SC DNA synthesis approaches an endpoint, presumably as remaining nascent cellular virion DNA is used up, the ratio of SC DNA to OC DNA approaches its maximum (Fig. l d) . Although these changes suggest a precursor/product relationship, we cannot yet discount the possibility that each of the forms might be in vivo artefacts which specifically accumulate in callus rather than in leaves.
Closer inspection of the gels in Fig. 1 also suggests the relative timing of other events and in particular the relationship between untwisting of virion DNA, generation of subgenomic forms, and gap repair. Fig. 2 shows how twisting of virion DNA affects mobility in the first (neutral) dimension in a 2D gel by increasing its mobility presumably as the degree of twisting increases. Similar smearing is seen in the neutral dimension in the OC forms in Fig. 1 . After 5 days of callus culture, the linearized OC forms are still smeared horizontally, suggesting that both gap repair and generation of subgenomic forms proceeds while the DNA is still twisted. The OC forms are less smeared after 10 days in callus culture suggesting that untwisting occurs between repair of the first gap and repair of the second, or at least concurrently with gap repair generally. The absence of smeared mobility in SC DNA indicates that these molecules have lost the twisted conformation. Thus, the proposed sequence of events is as follows. First, generation of subgenomic forms from twisted viriontype DNA molecules probably occurs concurrently with repair of the first gap (we have not yet been able to separate these two processes). Second, untwisting occurs in molecules with one gap in each strand followed by repair of the second gap and, finally, the third gap becomes sealed. The final OC form is presumably the substrate for DNA gyrase in the synthesis of SC DNA.
